We report a detailed and comparative study of the single crystal CeCoInGa3 in both experiment and theory. Resistivity measurements reveal the typical behavior of Kondo lattice with the onset temperature of coherence, T * ≈ 50 K. The magnetic specific heat can be well fitted using a spinfluctuation model at low temperatures, yielding a large Sommerfeld coefficient, γ ≈ 172 mJ/mol K 2 at 6 K, suggesting that this is a heavy-fermion compound with a pronounced coherence effect. The magnetic susceptibility exhibits a broad field-independent peak at Tχ and shows an obvious anisotropy within the bc plane, reflecting the anisotropy of the coherence effect at high temperatures. These are compared with strongly correlated calculations combining first-principles band structure calculations and dynamical mean-field theory. Our results confirm the onset of coherence at about 50 K and reveal a similar anisotropy in the hybridization gap, pointing to a close connection between the hybridization strength of the low-temperature Fermi-liquid state and the high-temperature coherence effect.
I. INTRODUCTION
Kondo lattice physics is governed by two competing tendencies towards either coherent heavy-electron state [1] [2] [3] [4] [5] or long-range magnetic orders of localized fmoments [6] [7] [8] [9] . As a result, it involves a cascade of experimentally well-defined temperature scales, such as the coherence temperature T * , the spin fluctuation temperature T SF , and the Fermi liquid temperature T FL . Among them, T * marks the onset of heavy-electron coherence produced by collective hybridization and sets the upper boundary of an intermediate regime with coexisting heavy electrons and unhybridized local f -moments 10 . The transition from fully localized f -moments at high temperatures to coherent heavy electrons at low temperatures is at the heart of Kondo lattice physics 11 . Consequently, one expects anomalous properties in the intermediate state in all measured quantities, accompanying the emergence of heavy electrons. For example, the susceptibility shows deviation (or even a peak) from its high temperature Curie-Weiss behavior below T * and the specific heat exhibits logarithmic divergence before it saturates while entering a heavy Fermi liquid ground state.
Experimentally, these anomalies provide a unified identification of the coherence taking place below T * 9 . However, some also regarded the peak structure in the susceptibility as a way to determine the crystal field scheme. These different opinions reflect the difficulty and confusions in our basic understanding of heavy fermion physics. Moreover, what has been less studied in previous literatures is the anisotropy of the coherence effect 12, 13 and how this is correlated with the underlying structure of collective hybridization in the Fermi liquid state below T FL . Exploration of special anisotropic or even nodal structure of hybridization is becoming a new frontier for novel anomalous and exotic phenomena in heavy fermion research [14] [15] [16] . Here we report the successful synthesis and comparative study of the coherence and hybridization effect in a new Kondo lattice compound CeCoInGa 3 . Unlike its sister families, Ce-115 such as CeCoIn 5 and CeRhIn 5 [17] [18] [19] [20] and Ce-113 such as CeCuGa 3 and CeRhGe 3 21-23 , which show interesting cuprate-like layered structure or noncentrosymmetric structure, respectively, and have thus been widely studied, the Ce-1113 or Ce-114 family has less been investigated, possibly due to the difficulty of its synthesis. In particular, to the best of our knowledge, CeCoGa 4 was never studied again ever since its discovery 24 where only the magnetic susceptibility was reported in polycrystals to show paramagnetic behavior down to 4.6 K. The 114 family has a quite different structure from 113 and 115, which may be viewed as stacked spin chains of Ce-ions located inside Ga 5 pyramids. It is therefore intriguing to see what physics might be discovered in this family. CeCoInGa 3 was obtained by doping In atoms into the mother compound CeCoGa 4 using the flux method 25 . The In atoms occupy the 4a-site of Ga atoms and the crystal structure remains orthorhombic with the space group Cmcm. In doing so, the lattice is expanded and the system is driven further towards a potential quantum critical point, where one may hope to find different quantum critical behavior or even superconductivity.
We therefore performed a systematic measurement of CeCoInGa 3 and our results confirm that it is a standard Kondo lattice compound. The resistivity exhibits a progressive crossover from an insulating-like state due to incoherent Kondo scattering with logarithmic temperature dependence above T * ≈ 50 K to a Fermi liquid state with T 2 -dependence below about 6 K. The specific heat exhibits a logarithmic increase due to heavy fermion formation below T * and contains a T 3 ln T contribution at intermediate temperatures, indicating a possible contribution from spin fluctuations with T SF ≈ 9 K. A broad hump is observed in the susceptibility whose position T χ varies with the direction of the magnetic field and reflects the anisotropy of the coherence effect. To understand these, we carried out comparative studies using strongly correlated band calculations combining fully consistently the density functional theory and the state-of-the-art dynamical mean-field theory (DFT+DMFT). Our results for CeCoInGa 3 produce the correct coherence temperature T * and reveal an anisotropy of the hybridization gap, which is consistent with the anisotropy in the coherence effect at high temperatures. This suggests that the peak and its anisotropy in the susceptibility may be related to the onset of coherence and its underlying anisotropy of hybridization, which may be further traced back to the formation of Ce-Co-Ce zigzag chains along the c-axis rather than the Ce-chains along the shortest a-axis. Unfortunately, we do not find superconductivity down to 2 K in this compound, which indicates that further chemical tuning may be needed for future investigations.
II. EXPERIMENTAL DETAILS
Single crystals of CeCoInGa 3 were grown using the InGa eutectic as flux in alumina crucible sealed in a fully evacuated quartz tube. The crucible was heated to 1100 • C for 10 hours and then cooled slowly to 630
• C where the flux was spun off by a centrifuge. Rectangle-like single crystals were yielded with the volume of about 0.5 mm × 0.3 mm × 2.5 mm as shown in Figure 1 . Elemental analysis was conducted via energy dispersive Xray (EDX) spectroscopy using a Hitachi S-4800 scanning electron microscope at an accelerating voltage of 15 kV with an accumulation time of 90 s. Single crystal X-ray diffraction was carried out on Bruker D8 Venture diffractometer at 273(2) K using Mo Kα radiation (λ = 0.71073 A). The crystal structure was refined by full-matrix leastsquares fitting on F 2 using the SHELXL-2014/7 program. A well-crystallized sample was picked out for the measurements. The magnetic susceptibility (χ) was performed in a Quantum Design Magnetic Property Measurement System (MPMS) from 2 K to 300 K under various applied magnetic fields up to 50 kOe in fieldcooling (FC) and zero-field-cooling (ZFC) modes. The electrical resistivity (ρ) and the specific heat (C p ) were measured between 2 K and 300 K in a Physical Property Measurement System (PPMS) using a standard dc four-probe technique and a thermal-relaxation method, respectively.
III. RESULTS AND DISCUSSION
The refined results are listed in Tables I and II , indicating a stoichiometric composition with the orthorhombic YNiAl 4 -type structure (space group Cmcm, No. 63) and the lattice parameters a = 4.2315(4)Å, b = 16.0755(18)Å and c = 6.5974(6)Å. All the crystallographic sites are fully occupied by a unique sort of atoms. The larger In atoms of CeCoInGa 3 replace the 4a-site of Ga atoms in CeCoGa 4 without changing the crystal structure. It, however, enlarges the inter-plane distance and makes the lattice plane (0 2 1) to be the easy cleavage plane. The Ce atoms locate at 4c site and are each surrounded by five Ga atoms, forming CeGa 5 polyhedra that are straightly packed with sharing edges along the a-axis. The Co atoms locate between the Ga-cages, forming a layer-like structure. As shown in Fig. 1(c) , the bright crystal surfaces are indexed as (0 2 1), (0 1 0) and (0 2 -1) by single crystal X-ray diffraction, consistent with the enlarged micro-structure. Figure 2 presents the temperature dependence of the a-axis resistivity ρ of both CeCoInGa 3 and LaCoInGa 3 single crystals. The residual resistivity ratio, RRR = ρ(300 K)/ρ(2 K), is 3.1 for CeCoInGa 3 and 8.3 for LaCoInGa 3 . A magnetic field of 1 T perpendicular to the a-axis was applied to suppress the superconductivity of the In flux. The magnetoresistance of CeCoInGa 3 appears to be very small up to 9 T and is not shown here. The magnetic resistivity ρ m (T ) was obtained by subtracting the nonmagnetic contribution estimated from LaCoInGa 3 . As shown in the inset of Fig. 2 , it follows a logarithmic temperature dependence above T * ≈ 50 K, indicating a major contribution from Kondo scattering by localized f -moments at high temperatures. A larger T * ≈ 120 K has been observed in CeNiAl 4 with the same crystal structure 26 , as the lattice is expanded by In and Ga atoms in CeCoInGa 3 . The coherence peak around T * in the magnetic resistivity marks the onset of localizedto-itinerant transition. Below 6 K, we find ρ m = ρ 0 +AT 2 with a residual resistivity ρ 0 = 11.97 µΩ cm and a resistivity coefficient A = 0.0826 µΩ cm/K 2 . This defines the Landau-Fermi liquid regime with a Fermi-liquid temper- ature, T F L ≈ 6 K, roughly one tenth of T * 27,28 . We conclude that CeCoInGa 3 is a typical Kondo lattice material with a Fermi liquid ground state.
The specific heat data of CeCoInGa 3 and LaCoInGa 3 in zero field are compared in Figure 3 , showing no obvious phase transition down to 2 K in both compounds. The magnetic specific heat C m can be obtained in a similar way by subtracting the lattice contribution estimated from the nonmagnetic LaCoInGa 3 . As is seen in the inset of Fig. 3 , C m /T shows a logarithmic divergence with temperature below T * , marking the emergence of heavy electrons accompanying the onset of coherence in the magnetic resistivity 5, 9 . Interestingly, at lower temperatures, the magnetic specific heat becomes saturated and obeys the formula 29, 30 , C m = γT + DT 3 ln(T SF /T ), where T SF corresponds to the spin-fluctuation temperature. Our best fit yields the residual specific heat γ = 0.172 J/mol K 2 , D = 1.92 × 10 −4 J/mol K 4 , and T SF ≈ 9 K. The large γ implies a heavy quasi-particle effective mass m * in the Fermi-liquid state. We can calculate the KadowakiWoods ratio, A/γ 2 ≈ 0.28 × 10 −5 µΩ cm (mol K mJ −1 ) 2 , which is comparable with that of other heavy-fermion compounds 31 . A rough comparison with the prediction of the spin-1/2 Kondo model suggests a Kondo temperature of about 41 K 32 , roughly consistent with the magnitude of the coherence temperature, but a quantitative fit is impossible. This indicates that in the real system CeCoInGa 3 there may be features additionally to the Kondo physics that are not captured by the simple model. Figure 4 plots the ZFC data of the magnetic susceptibility χ and the inverse susceptibility χ −1 for H = 0.1 T and 1 T along the a-axis. The M -H curve is almost linear up to at least 7 T. A Curie-Weiss fit (dashed line) above 150 K using χ(T ) = C/(T − θ p ) yields an effective magnetic moment, µ ef f = 2.64 µ B , close to the theoretical value of 2.54 µ B of free Ce 3+ ion, and a negative Curie temperature, θ p = −19.8 K. These indicate that the Ce f -electrons are well located at high temperatures with an antiferromagnetic exchange coupling. A similar analysis for LaCoInGa 3 (inset) using a modified Curie-Weiss formula, χ(T ) = χ 0 + C/(T − θ p ), yields a diamagnetic background susceptibility χ 0 = −9.85×10 5 emu/mol and a Weiss temperature θ p = −1.35 K, possibly contributed by the Co 3d-electrons. Thus the Co ions are essentially nonmagnetic. For CeCoInGa 3 , the violation of the CurieWeiss behavior below 150 K might be first due to crystal field effects. However, below T * , the development of a broad peak should be attributed to the coherence effect as observed in CeAl 3 and URu 2 Si 2 10 . In the two-fluid model, it has been argued that increasing hybridization could induce a more rapid delocalization of the localized f -moments 10 . Therefore, the directional dependence of T χ potentially reflects the anisotropy of the high temperature coherence effect. Figure 5 (a) plots the ZFC susceptibilities for field in parallel with or perpendicular to the (0 1 0), (0 2 1) or (0 2 -1) planes. As shown in Fig. 1(a) , the single crystal of CeCoInGa 3 has several facets in one-to-one correspon- dence with its micro-structure. It is relatively easy to apply the field along these directions. Fig. 5(b) plots the polar diagram of T χ with the data periodically extrapolated to 360
• . The angle, θ, is set to zero for H c. We see an angular variation associated with the crystal symmetry. Interestingly, as plotted in Fig. 5(c) , there exists an anti-correlation between T χ and the residual susceptibility χ 0 . For H c, T χ is large and χ 0 is small; while for H b, T χ is small and χ 0 is large. In the literature, the susceptibility peak has often been attributed to the crystal field effect. We will show that it is potentially correlated with the strength of collective hybridization. Thus the hybridization is stronger along the c-axis. In between, the results may be roughly understood by χ(θ) = χ c cos 2 θ + χ b sin 2 θ.
IV. NUMERICAL CALCULATIONS
To gain further insight into above results, we carried out fully consistent DFT+DMFT calculations [33] [34] [35] . This method has been successfully applied to CeIrIn 5 36 and some other materials 37, 38 . However, comparative studies of the hybridization structure on realistic heavy fermion materials are still very few, due to the difficulty in treating the 14 spin and orbital degrees of freedom of the strongly correlated 4f -electrons and the extremely low temperature of coherence. For the DFT part, we have adopted the full-potential linearized augmentedplane-wave method as implemented in the WIEN2K package 39, 40 . Figure 6 (a) compares the Ce-4f density of states at 200 K and 1 K using one-crossing approximation as the impurity solver for DMFT 41 . The Coulomb interaction was set to 6 eV, an approximate value typically used for Ce 4f -orbitals 36, 37 .The broad peaks at -3 eV and 4 eV correspond to the Hubbard bands. At 1 K, a sharp resonance is seen to develop near the Fermi energy, manifesting the emergence of heavy quasiparticles. This is clearly seen in Fig. 6(b) , where the quasiparticle peak grows rapidly with lowering temperature. Correspondingly, the imaginary part of the self-energy, |ImΣ(ω = 0)|, decreases rapidly, producing a broad maximum at about T * ≈ 50 K in its temperature derivative. This is an indication of a crossover in the magnetic scattering rate of the 4f -electrons at T * . Above T * , the quasi-particle density of states drops rapidly to zero, marking the loss of heavy electron coherence at higher temperatures. 
, where E ± k are the two hybridization bands, ǫ k is the dispersion of the corresponding conduction band from high temperatures (200 K), ǫ f ≈ 0 is the renormalized f -electron energy level, and ∆ corresponds to the direct gap and represents the strength of the hybridization. We obtain ∆ ≈ 22 meV for the band along the Γ-Z path (k z ), 40 meV along U-X (k z ), and 16 meV along U-Z (k y ) and Γ-Y (k x ) paths. Thus the hybridization is stronger along the c-axis and weaker along the a and b-axes. The origin of such anisotropy might be traced back to the hybridization pathway of the Ce-f electrons. Although one might naively think that the Ceions are surrounded by Ga pyramids and connect to form spin chains along the a-axis with shortest Ce-Ce distance given by the lattice constant a, the Ga-ions seem to play largely the role of a support of the crystal structure, as is the role of B in YbB 6 42 , and the hybridization mainly takes place between the Ce-4f and Co-3d bands. The Ce and Co-ions form a zigzag chain along the c-axis, favoring the largest hybridization along this direction, while for other two directions, the Ce-Co-Ce bonds are out of plane or have a longer distance, causing their relatively smaller strengths of hybridization. This anisotropy is in good correspondence with the angular variation of T χ , confirming a correlation between the high-temperature coherence effect and the low-temperature hybridization strength.
We would like to further remark that while DFT could sometimes yield useful information for understanding the Fermi surface topology of heavy fermion compounds, it alone cannot describe the development of the f -electron coherence with lowering temperature and therefore is incapable of quantitative or even qualitative comparison with many experiments. Moreover, in CeCoInGa 3 and many other cases, the Ce-4f bands are predicted in DFT to exhibit a large dispersion near the Fermi energy due to the lack of Kondo renormalization, while the conduction bands are all pushed away. This makes it impossible to derive any information on the hybridization structure between the f and conduction bands. It is only with DFT+DMFT that the f -electrons are well treated and strongly renormalized to give rise to flat bands near the Fermi energy, allowing for an unambiguous identification of their hybridization with conduction electrons.
V. CONCLUSIONS
We have successfully synthesized high-quality single crystals of CeCoInGa 3 and LaCoInGa 3 by a flux method. In contrast to it sister Ce-113 and Ce-115 families, the Ce-1113 or Ce-114 family is less well studied. Our systematic investigation of its resistivity, specific heat, and susceptibility provides a unified picture of CeCoInGa 3 as a typical paramagnetic Kondo lattice material with logarithmic temperature-dependent specific heat coefficient at low temperatures before the system enters a Fermi liquid state. We identify three important temperature scales in this compound: the coherence temperature T * ≈ 50 K, the spin-fluctuation temperature T SF ≈ 9 K and the Fermi liquid temperature T FL ≈ 6 K. A broad hump is observed below T * in the magnetic susceptibility and shows strong anisotropy, reflecting the directional dependence of heavy-electron coherence. We performed comparative numerical studies. Strongly correlated calculations based on DFT+DMFT confirms the onset of heavy-electron coherence below 50 K, and reveals a similar anisotropy in the hybridization strength, suggesting a close connection with the anisotropy of the coherence effect at high temperatures. We note that replacing Ga by In expands the lattice and drives the system towards a potential quantum critical point where superconductivity may emerge. Although this was not observed in CeCoInGa 3 , we expect that further chemical tuning will push the system closer to the quantum critical point. A systematic investigation of its peculiar quantum criticality and potential superconductivity, in comparison with the 113 and 115 family, might improve our understanding of heavy fermion physics in association with the crystal structures and hybridization anisotropy.
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